A hydraulic model was developed in order to evaluate the potential energy recovery from the use of centrifugal pumps as turbines (PATs) in a water distribution network characterized by the presence of private tanks. The model integrates the Global Gradient Algorithm (GGA), with a pressure-driven model that permits a more realistic representation of the influence on the network behaviour of the private tanks filling and emptying. The model was applied to a real case study: a District Metered Area in Palermo (Italy). Three different scenarios were analysed and compared with a baseline scenario (Scenario 0 -no PAT installed) to identify the system configuration with added PATs that permits the maximal energy recovery without penalizing the hydraulic network performance. In scenarios involving PAT on service connections, the specification of PAT operational parameters was also evaluated by means of Monte Carlo Analysis. The centralized solution with a PAT installed downstream of the inlet node of the analysed district, combined with local PATs on the larger service connections, proves to be the most energy-efficient scenario.
INTRODUCTION
In recent years there has been increasing attention given to energy costs associated with the operation of water distribution networks (WDNs), leading to the development of management strategies aimed at reducing net energy consumption.
The reconfiguration of water supply systems (WSSs) to produce energy is a favourable solution because most of the system components already exist (e.g. reservoirs, pipes, valves) and there is a near-guaranteed continuous flow in the system along each day (Vieira & Ramos ) . In transmission pipelines, where the available hydraulic power is considerable and fairly constant, the conventional hydraulic turbine installation is a suitable solution. Conversely, where the flow rates and heads vary, the application of these devices may be not cost effective and other equipment may have to be investigated. Ramos et al. () Therefore, establishing a correlation enabling the passage from the 'pump' characteristics to the 'turbine' characteristics is the principal challenge in using a pump as a 
where q up is the actual node outflow, P is the node pressure, P min is the minimum pressure required to have outflow at the node, k and h are calibration coefficients.
Where water distribution is periodically supplied on an intermittent basis, users often modify their internal water system in order to introduce private tanks with pumps to collect as much water as possible -even if the available pressure is lower than minimum required to have tank inflow. In such situations, the method proposed by
Reddy & Elango () has to be modified to take into account the presence of tanks and float valves that progressively reduce inflow volume while the tank is filling (Criminisi et al. ) . Thus the demand-pressure relationship q ¼ f(P) at each demand node in the network is based on the combination of the tank continuity equation (Equation (2)) and the float valve emitter law (Equation (3)):
where q act and D are the inflow from the distribution net- () was used and slightly modified: an upper bound is introduced beyond which the tank inflow is considered constant and pressure independent, in order to take into account the fact that local head losses in the service connections greatly increase as flow rates rise.
PAT characteristic curve
As mentioned above, the model simulates the presence of In the present study, several manufacturers' catalogues were investigated to identify pumps satisfying the given turbine operating conditions (head and flow) and the characteristic curves provided by Derakhshan & Nourbakhsh (a, b) were assumed to be applicable to the analysis. Namely they showed head number (ψ) and discharge number (ϕ) curves, from lower to higher specific depending on the desired level of approximation. In the present study the characteristic curves are interpolated using Equation (4):
where a, b and c are the coefficients of the quadratic function that represents the maximum efficiency condition, i.e.
the operation of the PAT providing the highest energy efficiency. Given the average operating condition at the service connection and/or at the main pipe, it is possible to select a characteristic curve that is able to reduce pressure to an acceptable value and to produce energy at the same time. The values of the coefficients adopted in the analysis and the approximation errors are provided below.
Each PAT may be regulated (principally through changing its rotational speed) and its curves will change accordingly -even if this is usually associated with a reduction in energy production efficiency. This control is relevant particularly when PATs are installed on service connections because they will experience widely variable flows and their duty point will change significantly during the day. In such cases, an optimal regulation for a PAT should take into account the complete daily duty cycle and not solely the average conditions.
Global Gradient Algorithm (GGA)
Assuming Todini's formulation in matrix form (Todini ) for the steady-state simulation model, the problem can be formulated as follows:
where Q ¼ n p , 1 Â Ã is a column vector of n p unknown pipes flow rates; H ¼ n n , 1 ½ is a column vector of n n unknown nodal heads; H 0 ¼ n 0 , 1 ½ is a column vector of n 0 known nodal heads. A nn ¼ n n , n n ½ is a diagonal matrix that contains the pressure-driven demands and A pn ¼ A T np and A p0 are topological incidence sub-matrices of size [n p , n n ] and [n p , n 0 ] respectively, derived from the general topological
In Equation (5), A pp ¼ [n p , n p ] is a diagonal matrix whose elements, considering the PAT installation on the pipes, are defined, for j ¼ 1,…,n p , as:
where R j is the head loss coefficient, which is a function of a pipe's roughness, diameter and length, and n is the exponent which takes into account the flow regime and the head loss relationship employed; a j and b j are the coefficients of the PAT characteristic curve (Equation (4)) related to the jth pipe. To estimate the head losses for turbulent flow in rough pipes, the Sonnad and Goudar formulation was used (Sonnad & Goudar ) .
The elements of the diagonal matrix A nn , equal to the pressure-driven nodal demands, can be defined by the different formulations described in the previous paragraphs.
Accordingly, for the q ¼ f(P) relationship, the following formulation will be used here:
for P i > P sÀi for P minÀi P i P sÀi for P i < P minÀi (7) where P s-i is the reference pressure: if the pressure is above this threshold, a junction demand is not affected by pressure and it is considered to have a fixed flow rate q s-i ; [P s-i , P min-i ] is the range for the intermediate operating condition when the actual demand is given as q act-i . P min-i is the minimum pressure required to have outflow into the tank, if a PAT installation is carried out at the node, the P min-i value varies accordingly to take into account the head loss due to the device.
The solution of the system shown in Equation (5), in accord with Todini (), is as follows:
where τ is the iteration number and D nn ¼ [n n ,n n ] and D pp ¼
[n p ,n p ] diagonal matrices, whose elements denote derivatives of q act-i and R j |Q j | n-1 with respect to nodal pressure and pipe flow, respectively; c is a column vector of PAT coefficients. The problem is reduced to the inversion of a symmetrical and sparse matrix.
Unfortunately, as identified by Giustolisi et al. (),
the pressure-driven formulation for q act-i reduces convergence in the Newton-Raphson-based algorithms. In fact, the lack of convergence and the need to select a good starting point in Equation (8) are the most commonly encountered problems. To overcome the lack of convergence, the following equations were added to the formulation:
where λ τ , ranging between [0, 1], is an under-relaxation factor to accelerate the solution convergence for a nonlinear hydraulic problem. The under-relaxation factor depends on the progress of the iterations. As the iterations converge, λ τ approaches unity. The relation between lambda and convergence is governed by the mean of squared errors in the mass and energy balance equations while performing the iterative search. When any of these errors increases, the value of λ τ is reduced by a factor (set equal to 0.7 here). When both errors decrease, the value of λ τ is increased by a factor (set here equal to 1.5). The maximum number of iterations is also applied as a further control threshold (set here equal to 100).
To select a starting point, the values of H τ¼0 and Q τ¼0 have been chosen as follows:
where Z is the vector of nodal elevations; P s and P min are vectors whose elements are P s-i and P min-i , respectively, and pinv(A np ) is the Moore-Penrose pseudo-inverse of A np (a mathematical description reported in Giustolisi et al.
()); c 0 is a constant whose value ranges between 0 and 1.
CASE STUDY
The proposed model was tested on a small DMA of the dis- As mentioned above, PATs were selected according to the average operating condition at the service connections and the district inlet, which were known from the network hydraulic simulation (Scenario 0 -no PAT installed). In the DMA it was possible to identify three different PAT types according to the available head and flow rates. Characteristic curves shift slightly at each time step depending on the PAT rotational speed. Table 1 shows the coefficients of the PAT characteristic curve adopted in the present study and the average percentage error introduced by approximating the PAT characteristic curve using Equation (4).
Values of parameters a and b can be considered constant while c values may change depending on the PAT rotational speed. Values included in Table 1 have to be considered as averages over the simulation period. In the analysis, the M-C type PAT was selected for the main pipe (district inlet), M-B type for condominium users and M-S type for the remainder. Considering the high variability of user demands in condominiums and single residential users, as explained in the previous paragraphs, the study attempted to evaluate the impact of changing the PAT characteristic curve at a single-user level. This change can be simply effected by regulating the PAT operating parameters instead of those obtained by network average conditions. The study of PAT characteristic curves showed that PAT operational parameters (Table 1) may vary in a range equal to 40%
around the maximum efficiency while maintaining PAT efficiency above 30%.
To numerically investigate the change in PAT characteristic curves in Scenarios 2 and 3, Monte Carlo Analysis (MCA) was used. MCA is commonly employed to evaluate the behaviour of a model and of the simulated physical system to changing conditions and, in the present case, to the possible local regulation of a selected PAT. Characteristic curve parameters (Table 1) 
ANALYSIS OF RESULTS
For each scenario, Figure 5 shows the obtained results in terms of stored water volume in the private tank, corresponding to three service connections taken as examples (see Figure 1 ): a condominium with an underground tank (node 4) and two residential users with roof top tanks (nodes 27 and 34). Some nodes (including node 34) demonstrate a general increase or decrease of the stored volume that is due to the combination of variable pressure levels during the monitored period. Over the long term, this is not a persistent behaviour but, realistically, a long-term filling and emptying cycle. In Scenarios 2 and 3, the PAT characteristic curves were obtained considering the maximum efficiency parameters presented in Table 1 . Analysis of Figure 5 identifies the following considerations:
• The PAT effect in terms of the stored volume is more tangible for node 27, especially when a centralized PAT is simulated at the DMA inlet node (Scenarios 1 and 3).
• The PAT does not reduce the ability of some users to fill their reservoirs, but the filling rate is lower.
• Regarding one of the condominium nodes (node 4):
the volumes stored in tanks are quite similar over the scenarios because the pressure available on the tank valve is quite high and even the presence of a local PAT (Scenario 2 and 3) does not reduce flow in a significant way.
• Finally, considering the single user residential node (node 34), the differences between scenarios are not relevant due to the low flows serving the user so the presence of the PAT is shown not to be affecting inflows in a significant fashion. Figure 6 illustrates the energy production during the day in Scenario 2 at three of the reference nodes. Node 4 is a condominium and the energy production is notably higher because of the higher flow through the service connection; energy Comparing the three scenarios on an annual basis:
• Scenario 1 was the least energy productive because a large part of available energy was wasted in guaranteeing sufficient pressure to those nodes characterized by low pressure;
• Scenario 2 provides a significant increase in production but the energy produced is often from PATs operating at low efficiency due to low flows supplying the user; • Scenario 3 provides a good compromise thus giving the largest energy production on an annual basis (Table 2 ).
In general, the centralized PAT cut inlet pressures to a level that did not compromise user supply so the average network pressure remains higher than in Scenario 2; the surplus available energy can be then locally used by the decentralized PATs, resulting in a second cut in pressure at the service connection. 
CONCLUSIONS

